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Abstract. Magnetoelectric barium titanate ceramics with embedded cobalt iron alloy particles 
(Co1/3Fe2/3)x–(BaTiO3)(1−x), with x=0.2, 0.4, and 0.6, were prepared by a polyol-mediated synthesis 
with subsequent sintering in a reducing forming gas atmosphere. The samples were characterized by 
XRD and SEM/EDX measurements. The sizes of the Co1/3Fe2/3 grains increase with x. Impedance 
spectroscopy showed a behavior similar to pure BaTiO3, in particular the occurrence of the 
ferroelectric-paraelectric phase transition, and high permittivities for the sample with x=0.6, that is, 
near the percolation threshold. The samples exhibit soft ferromagnetic properties with large saturation 
magnetizations of 2.5 μB/atom and narrow hystereses. Detailed magnetoelectric investigations revealed 
a unique DC-field dependence of αME for all three compositions. Most remarkably, the sample with 
x=0.4 possesses a broad ME hysteresis and an inversion of the sign of αME at 5 kOe. 
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Abstract
Magnetoelectric barium titanate ceramics with embedded cobalt iron alloy particles
(Co1/3Fe2/3)x–(BaTiO3)(1x), with x=0.2, 0.4, and 0.6, were prepared by a polyol-
mediated synthesis with subsequent sintering in a reducing forming gas atmosphere.
The samples were characterized by XRD and SEM/EDX measurements. The sizes
of the Co1/3Fe2/3 grains increase with x. Impedance spectroscopy showed a behavior
similar to pure BaTiO3, in particular the occurrence of the ferroelectric-paraelectric
phase transition, and high permittivities for the sample with x=0.6, that is, near the
percolation threshold. The samples exhibit soft ferromagnetic properties with large
saturation magnetizations of 2.5 lB/atom and narrow hystereses. Detailed magneto-
electric investigations revealed a unique DC-ﬁeld dependence of aME for all three
compositions. Most remarkably, the sample with x=0.4 possesses a broad ME hys-
teresis and an inversion of the sign of aME at 5 kOe.
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1 | INTRODUCTION
Materials that exhibit at least two ferroic order phenomena
are called multiferroics.1 Of these, magnetoelectrics with a
coupling between magnetostrictive and piezoelectric prop-
erties are of special interest because they allow the manipu-
lation of magnetization with electric ﬁelds and/or of the
polarization by magnetic ﬁelds.2 Since this ﬁeld of science
was initiated, the hunt for high or unusual magnetoelectric
coupling effects is on. To date, many compositions and
connectivities of compounds have been investigated both
theoretically and experimentally. So far one of the most
promising combinations are layered composites of metals/
alloys with perovskites.3,4 They exhibit magnetoelectric
coefﬁcients (aME) ranging from a few mV Oe
1 cm1 at
low HAC frequencies up to several V Oe
1 cm1 at reso-
nance conditions (several kHz, depending on the system).5-
9 In addition, magnetoelectric effects of ferroelectric thin
ﬁlms with embedded metal particles have been investi-
gated.10,11 In contrast, no magnetoelectric investigations on
0-3 metal-perovskite ceramics have been reported yet,
although various synthesis routes for metal-ceramic com-
posites are described in the literature.12-18
In this study, the ﬁrst detailed magnetoelectric investiga-
tions on 0-3 composites of Co1/3Fe2/3 in combination with
BaTiO3 are reported. Samples with varying Co1/3Fe2/3 con-
tent (x=0.2, 0.4 and 0.6) were prepared by a polyol-
mediated synthesis with subsequent calcination and sinter-
ing under reducing conditions. BaTiO3 is widely investi-
gated for magnetoelectric composites and is used as
piezostrictive matrix component. The alloy of cobalt and
iron with a molar ratio of Co:Fe 1:2 was chosen as metallic
component because it shows high magnetostriction and the
highest saturation magnetization of 3d metal alloys.19-21
2 | EXPERIMENTAL SECTION
2.1 | Material preparation
Three composite samples (Co1/3Fe2/3)x–(BaTiO3)(1x) with
x=0.2, 0.4, and 0.6 were synthesized in a procedure similar
to the one reported in.22
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In a ﬁrst step, Co(II) and Fe(III) nitrates (molar ratio
1:2) were dissolved in water and diethylene glycol (DEG)
with [Co2+]=40 mmol L1. The solution was heated under
reﬂux for 1 hour. After cooling to room temperature, ace-
tone was added and the precipitate was centrifuged, washed
with acetone and dried, resulting in a brown powder.
Appropriate amounts of this precursor were suspended in
stoichiometric solutions of titanium isopropoxide and bar-
ium hydroxide in DEG with [Ba2+]=[Ti4+]=40 mmol L1.
After heating under reﬂux for 1 hour, the reaction mixture
was cooled to room temperature. Addition of acetone pro-
duced a gray precipitate that was centrifuged, washed with
acetone, and dried. This powder was calcined at 700°C in
static air (1 hour), followed by a reduction in ﬂowing
forming gas (80 mL min1, 10% H2, 1 hour) at 950°C.
The resulting gray powder was pressed into disks (100 mg,
Ø=6 mm). Sintering under reducing conditions in forming
gas at 1300°C for 1 hour led to black ceramic bodies with
relative densities (with respect to the weighted single crys-
tal values23) of q85%.
2.2 | Characterization
Room-temperature X-ray diffraction patterns of crushed
samples were recorded on a diffractometer (D8 Advance,
Bruker Corporation, Billerica, MA, USA) operating with
CuKa radiation. Scanning electron microscope images in
backscattered electron (BSE) mode and EDX spectra were
recorded with 15 kV acceleration voltage (Phenom ProX,
Phenom-World B.V., Eindhoven, the Netherlands). Grain
sizes were derived from SEM images of several areas of
each ceramic. The values given below are the lower and
upper limits and the average grain sizes. For impedance
measurements, GaIn alloy was coated on top and bottom
surfaces of the ceramic bodies as electrodes. The tempera-
ture- and frequency-dependent impedance spectra (0°C-
180°C; 102-107 Hz) were recorded with an impedance ana-
lyzer (4192A, Hewlett-Packard, Palo Alto, CA, USA).
Magnetic measurements were carried out using the ACMS
option (PPMS 9, Quantum Design Inc., San Diego, CA,
USA). Hysteresis loops were measured at 300 K with a
cycling of the magnetic DC ﬁeld between +90 and
90 kOe. For magnetoelectric investigations, 100 nm Gold
electrodes were sputtered onto the sample surfaces (Sputter
Coater 108auto, Cressington Scientiﬁc Instruments Ltd.,
Watford, UK). Electric poling was done applying a DC
ﬁeld of 6.5 kV cm1 at room temperature. The samples
were heated to 200°C (ie, above TC of BaTiO3) for 1 hour
(heating rate 10 K min1). During heating and cooling the
electric ﬁeld was maintained but adjusted dynamically to a
current limit of 0.1 mA. After poling, the samples were
short circuited for 10 minutes. The ME measurements were
performed at 300 K using a custom-made setup based on
the AC-Transport measurement option (PPMS 9, Quantum
Design Inc., San Diego, CA, USA). A magnetic AC ﬁeld
of HAC=10 Oe with different frequencies was applied by a
solenoid with 1160 loops of copper wire. The ME voltage
was measured in dependence of the magnetic DC ﬁeld
upon cycling between +10 and 10 kOe. Magnetic AC
and DC ﬁelds were aligned parallel to the electric polariza-
tion direction as shown in Figure S1. Raw data were cor-
rected for eddy currents measured on an empty sample
holder. Since voltages caused by induction show a 90°
phase shift with respect to HAC, only the real part of the
measured voltage was considered. The magnetoelectric
coefﬁcient was calculated as aME=UME/(HACh) with h
being the sample height.
3 | RESULTS AND DISCUSSION
3.1 | Composition and morphology
X-ray diffraction was used to investigate the reaction prod-
ucts at different stages of the synthesis as shown exemplar-
ily for 0.6Co1/3Fe2/3-0.4BaTiO3 in Figure S2. Directly after
precipitation BaCO3 is the sole crystalline component. Cal-
cination in air at 700°C leads to the formation of CoFe2O4
and BaTiO3 but a signiﬁcant amount of BaCO3 remains in
the powder.
An additional reducing step in forming gas was intro-
duced because the direct sintering of the air-calcined pow-
der leads to porous ceramic bodies owing to the release of
CO2 from the residual BaCO3. The temperature of 950°C
was chosen to completely decompose BaCO3 while pre-
serving a high sintering activity of the powder. The corre-
sponding diffractogram (Figure S2 c) reveals that only Co1/
3Fe2/3 and BaTiO3 are present in the reduced powder.
The reducing forming gas atmosphere was also used
during sintering. At 1300°C the samples reach a relative
density of 85% after 1 hour. As depicted in Figure 1, phase
pure (Co1/3Fe2/3)x–(BaTiO3)(1x) composites were obtained
for all three compositions and the tetragonal modiﬁcation
of BaTiO3 is formed.
For morphological investigations, SEM images of the
ﬁnal samples were taken and EDX spectra were recorded.
The results are depicted in Figure 2.
In all samples the sizes of the BaTiO3 grains range from
0.5 lm to 5 lm, with the majority of grains being about
2 lm in diameter. There are two types of Co1/3Fe2/3-parti-
cle distributions in the composites. In all samples isolated
grains with a size of 1-2 lm are present. These are com-
pletely surrounded by the BaTiO3 matrix. The second sort
of Co1/3Fe2/3 particles form larger interconnected areas.
With increasing x, the fraction of the latter becomes larger:
while for x=0.2 most of the Co1/3Fe2/3 consists of isolated
grains, for x=0.6 almost the entire alloy grains are merged
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2 | WALTHER ET AL.
and form structures of up to 4 lm in width and >10 lm in
length.
EDX measurements clearly show the formation of the
two distinct phases. No traces of Co or Fe were found in
the BaTiO3 matrix. On the other hand, small Ba and Ti
signals appear in the Co1/3Fe2/3 spectra because of the large
interaction volume of the electron beam compared to the
size of the Co1/3Fe2/3 grains.
3.2 | Dielectric measurements
The dielectric properties of BaTiO3 ceramics depend on
their densities and (more important) on the grain sizes. As
mentioned above, these parameters are very similar for all
three compositions allowing a meaningful comparison. The
general behavior of the real parts of the permittivity (er)
resembles the one of pure BaTiO3 in the entire frequency
range (102 to 107 Hz). In Figure S3 of the supplementary,
the temperature dependence of er and the dissipation factor
of the composites are shown exemplarily for f=1 kHz. The
er graphs exhibit maxima at the transition from the ferro-
to the paraelectric phase of BaTiO3 around TC125°C. At
20°C, the er values for x=0.2 and 0.4 are very similar and
almost constant over a wide frequency range (see Fig-
ure S4). In contrast for 0.6Co1/3Fe2/3–0.4BaTiO3 the per-
mittivity at low frequencies is up to ﬁve times higher than
FIGURE 2 SEM images in BSE mode with position markers of the corresponding EDX spectra of (Co1/3Fe2/3)x-(BaTiO3)(1x)
composites with increasing x [Color ﬁgure can be viewed at wileyonlinelibrary.com]
FIGURE 1 XRD patterns of (Co1/3Fe2/3)x-(BaTiO3)(1x)
composites sintered at 1300°C with increasing Co1/3Fe2/3 content
[Color ﬁgure can be viewed at wileyonlinelibrary.com]
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WALTHER ET AL. | 3
for the other two samples. In addition, er shows a pro-
nounced frequency dependence and strongly decreases
above 106 Hz. The enhancement of the dielectric constant
at low frequencies is known for metal-BaTiO3 ceramics
with compositions close to the percolation threshold.14,18 A
theoretical description is given in.24
Up to TC the dissipation factors increase only slightly
with temperature, whereas above 130°C the samples get
more conductive and tan d increases. At room temperature,
the tan d are quite stable up to f=100 kHz but increase
considerably with higher frequencies. Over the measured
temperature and frequency ranges, the dissipation factors
for x=0.2 and 0.4 are roughly of the same magnitude,
whereas tan d is remarkably higher for x=0.6.
In contrast to composites of BaTiO3 with ferrite spinels,
the inﬂuence of the Co1/3Fe2/3 alloy on the dielectric prop-
erties is comparatively low.22 Usually, ferrite-BaTiO3 com-
posites show Maxwell-Wagner like frequency and
temperature dependencies of er that are distinctively differ-
ent from pure BaTiO3.
25-27 The Co1/3Fe2/3–BaTiO3 com-
posites, on the other hand, show only little deviations
compared to pure BaTiO3. A similar behavior has already
been reported for Ni–BaTiO3 composites.
14
3.3 | Magnetic properties
As shown in Figure 3, all three samples show soft ferro-
magnetic behavior. The saturation magnetization (MS) of
the composites increases linearly with the Co1/3Fe2/3 con-
tent. When normalized to x, MS values of 2.5 lB/atom are
found for all three compositions, which is the maximum
saturation magnetization a Co/Fe alloy can reach.20,28,29
The coercivities (HC) decrease with increasing Co1/3Fe2/3
content (50, 12, 3 Oe for x=0.2, 0.4, and 0.6), most likely
because of the larger Co1/3Fe2/3 grain sizes (see SEM
part).30,31 Overall, the composites exhibit the expected
magnetic behavior.
3.4 | Magnetoelectric properties
In this work, the magnetic DC ﬁeld dependence of the
magnetoelectric coefﬁcient aME is investigated for the ﬁrst
time for CoFe–BaTiO3 0-3 composites. The ME measure-
ments of the three compositions were done at 300 K. The
corresponding graph for x=0.2 is shown in Figure 4. Upon
increasing HDC aME reaches a maximum of
100 lV Oe1 cm1 at 5.5 kOe and then decreases to
5 lV Oe1 cm1 at 10 kOe. For HDC higher than
2 kOe, the courses of aME are identical for both direc-
tions of the ﬁeld sweep. Surprisingly, between 2 and
+2 kOe an inverted hysteresis is formed, that is, upon
decreasing the (positive) ﬁeld strength a ME voltage of
zero is found already for a positive coercive ﬁeld, whereas
at HDC=0 a aME with an opposite sign is observed. As
described later this behavior is remarkably different from
the one of CoFe2O4–BaTiO3 composites.
FIGURE 3 Magnetic ﬁeld-dependent magnetization hystereses of
(Co1/3Fe2/3)x-(BaTiO3)(1x) composites [Color ﬁgure can be viewed at
wileyonlinelibrary.com]
FIGURE 4 Magnetic ﬁeld-dependent magnetoelectric coefﬁcients
aME of (Co1/3Fe2/3)x-(BaTiO3)(1x) composites measured at
fAC=900 Hz [Color ﬁgure can be viewed at wileyonlinelibrary.com]
C
o
lo
u
r
o
n
li
n
e
,
B
&
W
in
p
ri
n
t
C
o
lo
u
r
o
n
li
n
e
,
B
&
W
in
p
ri
n
t
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
4 | WALTHER ET AL.
Even more astonishing is the magnetoelectric behavior
of 0.4Co1/3Fe2/3–0.6BaTiO3, which turned out to be com-
pletely different from the other two samples as shown in
Figure 4. Upon increasing the ﬁeld to 10 kOe, the magne-
toelectric coefﬁcient ﬁrst exhibits a minimum at 2.5 kOe
with aME=8.5 lV Oe
1 cm1, followed by a maximum
of +29 lV Oe1 cm1 at 7.5 kOe. The aME values at
7.5 kOe are independent of the ﬁeld sweep direction. In
contrast, aME at 2.5 kOe is signiﬁcantly larger
(20.5 lV Oe1 cm1) when HDC is decreased from
10 kOe to zero. As a consequence, a broad hysteresis is
formed between roughly +5 and 5 kOe.
In Figure 4, the magnetoelectric behavior for the sample
with x=0.6 is shown. The course of aME is almost similar
to the one of x=0.2. The maximum of
165 lV Oe1 cm1 at 6.5 kOe observed for 0.6Co1/3Fe2/
3–0.4BaTiO3 is the highest aME value of the investigated
samples. It is noteworthy that no hysteresis occurs for this
composition and that the DC ﬁeld at which the maximum
aME is reached is about 1 kOe higher than for x=0.2.
We emphasize that the DC ﬁeld dependence of the
magnetoelectric effect is completely different from compos-
ites of BaTiO3 in combination with CoFe2O4 as shown
exemplarily in Figure S5 of the supplementary for the com-
position 0.5CoFe2O4-0.5BaTiO3 (please note that the sam-
ple was obtained from oxidation of a Co1/3Fe2/3–BaTiO3
composite as described in22). In particular the sign of aME
is inverted, although both samples were electrically poled
in the same direction. This can be explained taking into
account the different magnetostrictions of Co1/3Fe2/3 and
CoFe2O4. While Co1/3Fe2/3 has a positive magnetostric-
tion,19 k of CoFe2O4 is negative.
32
From Figure 5 it can be seen that the ME coefﬁcient
slightly increases with frequency up to 500 Hz. At higher
frequencies only minimal changes were observed. Again,
the different behavior of the sample with x=0.4 becomes
evident. While the other two samples exhibit negative ME
voltages at positive ﬁelds, positive maximum values were
observed for this composition.
4 | CONCLUSIONS
We report the ﬁrst magnetoelectric investigations on partic-
ulate composites of BaTiO3 in combination with a Co/Fe
alloy. (Co1/3Fe2/3)x–(BaTiO3)(1x) samples with x=0.2, 0.4
and 0.6 were prepared by sintering in a reducing atmo-
sphere. The samples possess a uniform BaTiO3 matrix with
embedded Co1/3Fe2/3 particles. In contrast to cobalt ferrite-
barium titanate composites, the dielectric properties are
comparable to the ones of pure BaTiO3. Soft ferromagnetic
hystereses with large saturation magnetizations of 2.5 lB/
atom were observed for all three compositions. Magneto-
electric investigations of the Co1/3Fe2/3–BaTiO3 system
revealed surprising HDC. Compared to CoFe2O4-BaTiO3
composites, an inversed sign and a completely different
course of aME was observed. In addition, signiﬁcant devia-
tions in the magnetoelectric behavior for the three Co1/
3Fe2/3-BaTiO3 ratios were found. For x=0.2 and 0.6 nega-
tive maximum values of aME occur at positive HDC but
both the values of aME(max) and of the corresponding mag-
netic ﬁelds are distinctively different. Even more surprising
is the ME behavior of the intermediate composition
0.4Co1/3Fe2/3-0.6BaTiO3. For this sample a broad ME-hys-
teresis between +5 and 5 kOe was found and shows an
unusual change in sign from a negative maximum at
HDC2.5 kOe to a positive one at 7.5 kOe.
In summary this paper describes a new synthesis route
to magnetoelectric metal/alloy–BaTiO3 composites with 0-3
connectivity and the ﬁrst ME measurements of this system.
The unique behavior of the samples opens the door to a
completely uninvestigated ﬁeld of new composites with
fascinating magnetoelectric properties.
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